1. Introduction {#sec1-materials-13-03036}
===============

Since the first invention of M41s series of silica materials \[[@B1-materials-13-03036],[@B2-materials-13-03036]\], ordered mesoporous materials possessing large pore volume and high specific surface area as well as tunable mesoporous structures have attracted extensive attention for the development of high-efficiency catalysts using in the conversion of macromolecules \[[@B3-materials-13-03036]\], and numerous non-silicon-based ordered mesoporous materials with excellent structural, textural, and surface properties have been successively synthesized \[[@B4-materials-13-03036],[@B5-materials-13-03036],[@B6-materials-13-03036],[@B7-materials-13-03036]\]. Compared to ordered mesoporous silica materials, ordered mesoporous alumina materials as catalysts or catalyst supports exhibit much more broad application prospects in various petrochemical processes, including hydrodesulfurization, cracking, and hydrocracking of petroleum feedstocks \[[@B8-materials-13-03036],[@B9-materials-13-03036],[@B10-materials-13-03036],[@B11-materials-13-03036],[@B12-materials-13-03036]\], because of the thoughtful combination of both the chemical properties of alumina and ordered mesoporous characteristics. At present, ordered mesoporous alumina materials are generally synthesized via two main strategies. One is the nano-casting method using pre-formed ordered mesoporous silica or carbon as hard templates \[[@B13-materials-13-03036],[@B14-materials-13-03036]\]. The other is the soft-template self-assembly process in which the surfactant supramolecular aggregates are used as the ordered mesostructure-directing templates \[[@B15-materials-13-03036],[@B16-materials-13-03036],[@B17-materials-13-03036]\]. Compared to the first strategy involving more than one impregnation step combined with high preparation cost, the soft-template self-assembly procedure is more convenient. Unfortunately, the typical soft-template synthesis recipes for ordered mesoporous silica materials could not be effectively enabled to prepare the alumina analogues, because of the complicated hydrolysis-condensation behavior of aluminum precursors \[[@B18-materials-13-03036],[@B19-materials-13-03036],[@B20-materials-13-03036]\].

The evaporation induced self-assembly (EISA) method is another soft-template self-assembly approach for the successful preparation of ordered mesoporous materials, especially ordered mesoporous metal oxides \[[@B7-materials-13-03036],[@B8-materials-13-03036],[@B21-materials-13-03036],[@B22-materials-13-03036],[@B23-materials-13-03036]\]. Via such a method, a series of ordered mesoporous alumina materials with different mesostructures and tunable mesoporous sizes have also been successfully prepared by adjusting the hydrophilic-hydrophobic properties of surfactants or introducing suitable catalysts into the initial synthesis solution \[[@B8-materials-13-03036],[@B24-materials-13-03036],[@B25-materials-13-03036],[@B26-materials-13-03036]\]. During the EISA process, the utilization of volatile non-aqueous solvents (such as anhydrous ethanol and tetrahydrofuran) can effectively slow down the hydrolysis-condensation rate of aluminum precursors, and a self-assembly ordered organic-inorganic composite micelle structure can be induced by gradually increasing the surfactant concentration during the solvent evaporation process. After calcination to decompose the surfactant micelles existing in the mesochannels of alumina, the alumina materials with ordered mesostructure can be finally obtained. Clearly, the use of EISA procedure can synthesize ordered mesoporous alumina materials in a facile manner, since the hydrolysis-condensation conditions of aluminum precursors do not need to be strictly controlled. However, the high-temperature thermal stability of ordered mesoporous alumina materials prepared by the EISA procedure is still not satisfactory. When the thermal treatment temperature reaches above 800 °C, the aluminum species existing within the mesopore walls will begin to aggregate, sinter, and transform into the crystalline alumina, resulting in the collapse of ordered mesoporous structure along with a distinct reduction in the pore volume and specific surface area \[[@B15-materials-13-03036],[@B27-materials-13-03036]\]. Therefore, the poor high-temperature thermal stability severely restricts the practical applications of ordered mesoporous alumina under high temperature reaction conditions. Moreover, for applications that require ordered mesoporous alumina to be exposed in a hydrothermal environment for a long time, the mesostructural stability is very important, which is still another great challenge severely hindering the practical applications of ordered mesoporous alumina.

The recent investigations have confirmed that the doping of suitable heteroatoms (such as Si, Mg, and Zr) into the matrix of alumina can effectively remove the hydroxyl groups, anions and/or cation holes existing on the surface of alumina, consequently, the thermal stability of alumina materials can be significantly improved \[[@B28-materials-13-03036],[@B29-materials-13-03036],[@B30-materials-13-03036],[@B31-materials-13-03036],[@B32-materials-13-03036]\]. Zirconia, as a transition metal oxide, features acid-base properties and oxidation-reduction quality; thus, the thoughtful combination of both zirconia and ordered mesoporous alumina allows the fabrication of advanced support materials for the development of high-efficiency catalysts \[[@B33-materials-13-03036]\]. The synthesis of Zr-doped alumina with ordered mesostructure has been reported in the previous literature, and the obtained materials display much more structural stability than that of pure ordered mesoporous alumina \[[@B29-materials-13-03036]\]. However, there is no detailed report on the effects of the doping amount of Zr on the mesostructure and textural properties as well as stability of obtained materials. In this paper, ordered mesoporous Zr-Al composite oxide materials (denoted as OMZA-x) with different atomic ratios of Al to Zr were synthesized via a solvent EISA method associated with a thermal treatment at 100 °C. The resultant OMZA-x exhibit a well-defined ordered 2D hexagonal mesostructure, a large pore volume, a high specific surface area, a uniform mesoporous size, and a highly homogenous distribution of Zr and Al at the atomic level. More importantly, the homogenous incorporation of suitable Zr atoms into the mesopore walls and the formation of Zr-O-Al bonds can remarkably enhance the thermal and hydrothermal stability of obtained materials. The effects of the doping amount of zirconium on the synthesis of OMZA-x materials and their performance boost were investigated, and the possible synthesis mechanism was provided.

2. Experimental Section {#sec2-materials-13-03036}
=======================

2.1. Chemicals {#sec2dot1-materials-13-03036}
--------------

Triblock copolymer F127 (EO~106~PO~70~EO~106~) was obtained from Sigma-Aldrich, St. Louis, MO, USA. Zirconium oxychloride, aluminum isopropoxide, citric acid, 37 wt % hydrochloric acid, and anhydrous ethanol were purchased from Tianjin Chemical Reagent Co., Tianjin, China. All of these analytically graded chemicals were directly used.

2.2. Material Synthesis {#sec2dot2-materials-13-03036}
-----------------------

The ordered mesoporous Zr-Al composite oxides were synthesized by a similar method reported in our previous works \[[@B28-materials-13-03036],[@B34-materials-13-03036]\], as shown in [Figure 1](#materials-13-03036-f001){ref-type="fig"}. In a typical synthesis, 1.6 g of 37 wt % concentrated hydrochloric acid, 0.4 g of citric acid, and 3.2 g of F127 were successively dissolved in 20 mL anhydrous ethanol, followed by the slow addition of aluminum isopropoxide (0.016 mol) and a required amount of zirconium oxychloride (0.0016, 0.002, 0.0027, 0.004, and 0.008 mol, respectively) under stirring. After being strongly stirred at 32 °C for 24 h, the resulting clear sol was transferred into a dish to successively undergo solvent evaporation treatment at 45 °C for 48 h and thermal treatment at 100 °C for 24 h. The obtained solid products were calcined at 400 °C for 5 h to remove the organic template, and were named as OMZA-x, where x denotes the atomic ratio of Al to Zr in the initial synthesis solution.

As a reference, ordered mesoporous alumina (OMA) sample was also prepared using the same procedure as that of OMZA-x excluding the introduction of Zr precursor during the synthesis process, and was named as OMA.

2.3. Characterization {#sec2dot3-materials-13-03036}
---------------------

Power X-ray diffraction (XRD) analysis was taken on a Shimadzu XRD-6000 diffractometer (Shimadzu Corporation, Kyoto, Japan) using Ni-filtered Cu Kα (0.154 nm) radiation. Transmission electron microscopy (TEM) images were obtained on a JEOL JEM-2100F microscope (Japan Electronics Corporation, Tokyo, Japan) with an operation voltage of 200 kV. Inductively coupled plasma atomic emission spectrometry (ICP-AES) was performed on a Thermo iCAP 6300 spectrometer (Spectro, Kleve, Germany). Before measurement, the sample was dissolved using a mixed solution of nitric acid and hydrofluoric acid. Elemental mapping analysis was conducted on a Hitachi Model S-4800 high-resolution fluorescence-emission scanning electron microscopy instrument (Hitachi Limited, Tokyo, Japan) with an acceleration voltage of 25 kV. N~2~ sorption analysis was conducted on a Quantachrome analyzer (Quantachrome Instruments, Boynton Beach, FL, USA) at −196 °C. Before measurement, the sample was degassed under vacuum at 180 °C for 8 h. The specific surface area was calculated with the use of Brunauer-Emmett-Teller (BET) method, the pore size distribution was derived from the adsorption branches of the isotherm using Barrett-Joyner-Halenda (BJH) method, and the total pore volume (V~p~) was determined according to the adsorbed N~2~ amount at a relative pressure of 0.99. Fourier transformed infrared (FT-IR) spectra were obtained on a Shimadzu IR Affinity-1 spectrometer (Shimadzu, Kyoto, Japan). For each spectrum, 32 scans were collected in the range from 400 to 4000 cm^−1^ at a resolution of 4 cm^−1^. ^27^Al magic angle spinning nuclear magnetic resonance (^27^Al MAS NMR) measurements were performed on a Bruker AVANCE III 600 MHz spectrometer (Bruker, Karlsruhe, Germany) operating at a resonance frequency of 156.47 MHz with a recycle delay of 1s. The aluminum nitrate solution (1.0 mol/L) was used as external reference.

2.4. Stability Evaluation {#sec2dot4-materials-13-03036}
-------------------------

The high-temperature thermal stability and hydrothermal stability of samples OMZA-x and OMA were evaluated by a thermal treatment at 1000 °C in air for 1 h and a boiling water treatment in a closed autoclave at 100 °C for different time, respectively.

3. Results and Discussion {#sec3-materials-13-03036}
=========================

For samples OMZA-x and OMA, the evidence for the presence of ordered mesostructure is presented by the small-angle XRD patterns. As can be seen in [Figure 2](#materials-13-03036-f002){ref-type="fig"}, all samples exhibited two well-resolved diffraction peaks in a 2θ range from 0.5° to 3°, characterizing an ordered mesostructure in the pore arrangement \[[@B8-materials-13-03036],[@B15-materials-13-03036],[@B35-materials-13-03036]\]. Taking the sample OMZA-6 for example, a very strong diffraction peak at 0.94° and one weak broad peak around 1.64° are clearly obvious. According to the TEM observations ([Figure 3](#materials-13-03036-f003){ref-type="fig"}), such two diffraction peaks can be indexed to the (100) reflection and the overlapping of the (110) and (200) reflections, respectively, indicating that the sample OMZA-6 has an ordered two-dimensional (2D) hexagonal mesostructure. Interestingly, compared to sample OMA, the samples OMZA-x (except for sample OMZA-2) displayed a narrower full width at half-maximum (FWHM) as judged from the (100) reflection peak and stronger overlapping intensity of the (110) and (200) reflections, corresponding to an obviously increased mesoscopic order. According to the angular positions of (100) reflections, the interplanar spacing (*d*~100~) values of 11.04, 10.27, 9.39, 9.81, 9.39, and 8.03 nm can be calculated for samples OMZA-2, OMZA-4, OMZA-6, OMZA-8, OMZA-10, and OMA, respectively ([Table 1](#materials-13-03036-t001){ref-type="table"}). It is worthwhile to note that with the increase in the introducing amount of Zr, the FWHM of the (100) diffraction peaks of samples OMZA-x firstly decreased and then gradually increased, and an opposite variation trend was observed in the overlapping intensity of the (110) and (200) reflections. Among all OMZA-x, the sample OMZA-6 demonstrates the narrowest FWHM of the (100) diffraction peaks and the strongest overlapping intensity of the (110) and (200) reflections, representing the most ordered 2D hexagonal mesoporous structure. The observation results from the small-angle XRD patterns indicate that the suitably introduced Zr species will take part in and promote the cooperative self-assembly of surfactant F127 molecules and Al species to effectively construct a much more ordered mesostructure. However, the excessive introduction of Zr species into the synthesis solution will hinder the efficient self-assembly between inorganic Al species and organic template. Consequently, the mesoscopic structure order of samples OMZA-x (x \< 6) gradually decreased with increasing the introducing amount of Zr.

The TEM images of sample OMZA-6 further provide an observation of ordered mesostructure. As shown in [Figure 3](#materials-13-03036-f003){ref-type="fig"}a,b, the ordered parallel cylindrical shaped mesopores along (110) orientation and hexagonally packed honeycomb-like mesopores along the (100) orientation were clearly obvious, signifying the presence of typical 2D hexagonal mesoporous structure with uniform mesoporous size. The distance between two neighboring mesoporous channels is 10.5 nm, which is well consistent with the calculated unit cell parameter (*a*) by the small-angle XRD analysis combined the equation of *a* = 2*d*~100~/3^1/2^. Interestingly, under the high resolution TEM mode, a strong signal of Zr was clearly observed in the energy-dispersive X-ray (EDX) spectrum of sample OMZA-6 (not shown), verifying that a large amount of Zr atoms exist within the mesopore walls. At three different positions randomly selected, the atomic ratios of Al to Zr measured from EDX analysis were 5.8, 6.1, and 6.3, respectively, all which are very close to the atomic ratio (6.1) measured by ICP-AES analysis and the theoretical atomic ratio (6) for the synthesis of sample OMZA-6. This indicates that almost all Zr species added into the synthesis solution have been finally incorporated into the mesopore walls of sample OMZA-6; more importantly, Zr and Al species existing within the mesopore walls of OMZA-6 can be highly homogenously distributed at an atomic level. Such expected distribution throughout the whole sample was further verified by the elemental mapping images from the scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) analysis. As shown in [Figure 4](#materials-13-03036-f004){ref-type="fig"}, when two different regions are scanned, highly uniform distributions of Al, O, and Zr were found. The calculated atomic ratios of Al to Zr in such two regions randomly selected are 6.0 and 6.2, respectively.

The N~2~ sorption isotherms and the corresponding pore size distribution curves of samples OMA and OMZA-x are shown in [Figure 5](#materials-13-03036-f005){ref-type="fig"}. The detailed textural properties of these samples are listed in [Table 1](#materials-13-03036-t001){ref-type="table"}. From [Figure 5](#materials-13-03036-f005){ref-type="fig"}a, it can be seen that all samples exhibited typical IV-type isotherms with relatively steep capillary condensation steps, signifying the presence of uniform mesopores \[[@B8-materials-13-03036],[@B26-materials-13-03036]\]. It is noteworthy that samples OMZA-x (except for OMZA-2) demonstrated a steeper capillary condensation step than that of sample OMA, corresponding to a much narrower mesoporous size distribution ([Figure 5](#materials-13-03036-f005){ref-type="fig"}b), which is well in accordance with the characterization result from the small-angle XRD analysis ([Figure 2](#materials-13-03036-f002){ref-type="fig"}). In addition, compared with sample OMA, with the increase in the introducing amount of Zr, a distinct shift toward higher relative pressures ranging from 0.5 to 0.7 was observed in the isotherms of samples OMZA-x ([Figure 5](#materials-13-03036-f005){ref-type="fig"}a), indicating samples OMZA-x have a larger average mesoporous diameter than that of sample OMA ([Figure 5](#materials-13-03036-f005){ref-type="fig"}b and [Table 1](#materials-13-03036-t001){ref-type="table"}), and the mesoporous size gradually increases with increasing the introducing amount of Zr. The increase in the mesoporous size could be used to manifest that a large amount of Zr^4+^ ions with larger atomic radius than that of Al^3+^ have been homogenously incorporated into the mesopore walls to form the Zr-O-Al bonds, since the bond length of Zr-O is longer than that of Al with O. The similar observation has also been reported in the previous literatures \[[@B28-materials-13-03036],[@B34-materials-13-03036]\]. The formation of Zr-O-Al bonds can be well verified by the FT-IR analysis. [Figure 6](#materials-13-03036-f006){ref-type="fig"} presents the FT-IR spectra of representative samples OMZA-6 and OMA. It can be seen that different from sample OMA, a shoulder peak at 605 cm^−1^, associated to the deformation vibration of the Zr-O-Al bond \[[@B36-materials-13-03036],[@B37-materials-13-03036]\], can be clearly observed in the low-energy region of the spectrum of sample OMZA-6. Besides the increased mesoporous size, the pore volume and specific surface area of samples OMZA-x are obviously higher than those of sample OMA ([Table 1](#materials-13-03036-t001){ref-type="table"}). Considering that the introduced amount of aluminum precursor is same for each sample, the distinct improvement in the textural properties for samples OMZA-x once again verifies that the Zr species originated from the hydrolysis of Zr precursor can take part in and effectively facilitate the cooperative self-assembly of Al species and template F127 molecules. Among all OMZA-x, the OMZA-6 displays the most excellent textural properties. Its pore volume and specific surface area are 0.62 cm^3^/g and 358 m^2^/g, respectively ([Table 1](#materials-13-03036-t001){ref-type="table"}). However, further increasing the introducing amount of Zr, a continuous reduction in the pore volume and specific surface area were observed for samples OMZA-4 and OMZA-2. For these two samples, the pore volumes and specific surface areas are 0.45 cm^3^/g and 264 m^2^/g, and 0.40 cm^3^/g and 231 m^2^/g, respectively ([Table 1](#materials-13-03036-t001){ref-type="table"}). Evidently, the variation trend in the textural properties for samples OMZA-x is well coincided with their mesoscopic structure order, which can be attributed to the effect of the introducing Zr amount on the synthesis of samples OMZA-x. Interestingly, the introducing amount of Zr can also affect the mesoporous shape of samples OMZA-x, which is reflected in the type of hysteresis loop. For samples OMZA-10 and OMZA-8, their isotherms presented a IV-type curve with a type H1 hysteresis loop, which is the typical characteristic of ordered mesoporous materials with uniform cylindrical shaped channels; while, with an increase in the introducing amount of Zr, a type H2 hysteresis loop was observed in the isotherms of samples OMZA-6, OMZA-4, and OMZA-2, suggesting the presence of cage-neck shaped mesopores. Especially sample OMZA-2, prepared with introducing the highest amount of Zr, showed a very steep desorption step at a relative pressure (P/P~0~) of 0.43, corresponding to a H2(a)-type hysteresis loop. This indicates sample OMZA-2 possesses narrow necks interconnecting the cages. In the case of samples OMZA-4 and OMZA-6, a H2(b)-type hysteresis loop was observed in their isotherms, suggesting that such two samples have similar cage-neck shaped mesopores with broader necks. The transformation of cylindrical mesopore into cage-neck mesopore can be attributed to the influence of introducing Zr amount on the synthesis of samples OMZA-x ([Figure 2](#materials-13-03036-f002){ref-type="fig"}).

According to the characterization results from XRD, TEM, SEM-Mapping, N~2~ physisorption, and FT-IR analyses, it is clearly obvious that the introduction of an appropriate amount of Zr precursor (zirconium oxychloride) into the synthesis solution exerts a significant influence on promoting the formation ordered mesoporous structure. Here, a triconstituent cooperative co-assembly process was proposed for explaining the synthesis of OMZA-x, as shown in [Figure 1](#materials-13-03036-f001){ref-type="fig"}. In an anhydrous ethanol solvent with a weak polarity, the triblock copolymer surfactant F127 molecules usually lose their hydrophilic-hydrophobic properties \[[@B18-materials-13-03036],[@B26-materials-13-03036],[@B38-materials-13-03036]\]. Consequently, when inorganic precursors of Zr and Al have not been added into the reaction solution, it is difficult to directly form the micelle phase of surfactant F127 molecules, although the introduction of citric acid and hydrochloric acid containing a certain amount of H~2~O can facilitate the folding of surfactant molecules. After the addition of Zr and Al precursors, the presence of 37 wt % hydrochloric acid as a catalyst plays a significant role in promoting the hydrolysis of these two inorganic precursors to form Zr-OH and Al-OH species, respectively; meanwhile, the added citric acid as a ligand can bond with these hydroxyl species in a bridging or bidentate fashion, resulting in the condensation rate of the formed hydroxyl species being effectively slowed down \[[@B15-materials-13-03036],[@B28-materials-13-03036]\]. Under such controlled hydrolysis-condensation conditions, the hydrogen bonding interaction between the hydroxyl groups of Zr and Al and the hydrophilic block (PEO) of surfactant F127 molecules can facilitate the cooperative nucleation and in turn promote the formation of sphere-like organic-inorganic composite micelles, in which the hydrophilic block (PEO) interacting with Zr-OH and Al-OH remains in the corona surrounding the core composed with the hydrophobic block (PPO) of surfactant molecules. During the following solvent evaporation process at a temperature of 45 °C, the progressively increased concentration of organic-inorganic composite micelles impels these composite micelles to self-organize into cylindrical mesostructures and in turn into a thermodynamically stable ordered 2D hexagonal mesostructure. For the subsequent thermal treatment process at 100 °C, such ordered composite micelle mesostructure (i.e., ordered arrangements of cylindrical micelles embedded within the matrices of zirconia and alumina) will undergo further framework shrinkage and wall condensation. During this period, the Zr-OH and Al-OH groups existing within the mesopore walls will experience dehydroxylation and cross-linking together, leading to the formation of Zr-O-Al and Al-O-Al bonds. At last, after calcination to remove the surfactant molecules, the ordered mesoporous Zr-Al composite oxide materials are obtained. Obviously, in the whole self-assembly process, the cooperative nucleation of organic and inorganic species and the formation of composite micelles are the key for the formation ordered mesostructure, which can be realized by enhancing the hydrogen boning interaction between hydroxyl species of Zr and Al and surfactant molecules. For the synthesis solution, the suitable introduction of Zr-OH species from the hydrolysis of Zr precursor can effectively disperse Al-OH species and prevent their polymerization into Al-OH nano-clusters with low hydroxyl contents. As a result, the hydrogen bonding interaction between inorganic hydroxyl species and organic template F127 molecules can be effectively enhanced by retaining a large amount of oligomer Al-OH species with high hydroxyl contents. However, further increasing the introducing amount of Zr precursor, the formed excessive Zr-OH species existing in the reaction solution will obstruct the cooperative self-assembly of Al-OH species and surfactant molecules, leading to a decreased mesoscopic structure order of resultant Zr-Al composite oxides.

To further underpin the proposed synthesis mechanism, ^27^Al MAS NMR analysis was employed to present the direct evidence for the coordination state of Al species existing within the mesopore walls of OMZA-x, and OMA was a comparison. [Figure 7](#materials-13-03036-f007){ref-type="fig"} displays the ^27^Al MAS NMR spectra of representative samples OMZA-6 and OMA. As shown in [Figure 7](#materials-13-03036-f007){ref-type="fig"}, samples OMZA-6 and OMA display three resonance signals at 10, 41, and 79 ppm, suggesting that three different oxygen environments surround Al sites over these two samples. The signals at 10 and 79 ppm can be assigned to the octa-coordinated non-framework Al species (AlO~6~) and the tetra-coordinated framework Al species (AlO~4~), respectively \[[@B26-materials-13-03036],[@B28-materials-13-03036]\]. The appearance of signal at 41 ppm can be attributed to the formation of penta-coordinated Al species (AlO~5~) originating from the distortion of framework aluminum species \[[@B15-materials-13-03036],[@B39-materials-13-03036],[@B40-materials-13-03036]\]. It is worthwhile to note that compared to sample OMA, OMZA-6 exhibited remarkably increased signal intensities for the AlO~4~ and AlO~5~ at the expense of a deduction in the signal intensity for AlO~6~. After classical decomposition and the direct integration for the respective peaks, the calculated proportion of AlO~4~, AlO~5~, and AlO~6~ are 14.7% and 10.0%, 26.5% and 21.0%, and 58.8% and 69%, for samples OMZA-6 and OMA, respectively. Compared to sample OMA, the obviously increase in the contents of framework aluminum species (AlO~4~ and AlO~5~) over sample OMZA-6 indicates that in the self-assembly synthesis solution, the introduction of Zr-OH species can contribute to the highly homogenous distribution of oligomer Al-OH species and effectively prevent the formation of Al-OH nano-clusters mainly composed with octa-coordinated aluminum species due to the polymerization of Al-OH species \[[@B26-materials-13-03036],[@B41-materials-13-03036]\]. Consequently, more oligomer Al-OH species with high hydroxyl contents can effectively interact with the hydrophilic block of template F127 molecules by the enhanced hydrogen bonding to form the mesoporous framework of alumina, which can be well responsible for the increased ordered mesostructure of OMZA-6.

It is well known that the suitable incorporation of second element (such as Si and Mg) into alumina matrix can efficiently restrain the formation of crystal alumina, which plays a crucial role in enhancing the high-temperature thermal stability of ordered mesoporous alumina \[[@B29-materials-13-03036],[@B31-materials-13-03036],[@B42-materials-13-03036]\]. Here, a thermal treatment at 1000 °C for 1 h was selected to investigate the influence of incorporating Zr into the mesopore walls of samples OMZA-x on their thermal stability. [Figure 8](#materials-13-03036-f008){ref-type="fig"} presents the small- and wide-XRD patterns of OMZA-x and OMA after thermal treatment. As shown in [Figure 8](#materials-13-03036-f008){ref-type="fig"}a, no diffraction peak can be discerned in the small-angle XRD pattern of sample OMA, signifying that the ordered mesostructure of sample OMA has been completely destroyed after thermal treatment at 1000 °C for 1 h. Such mesostructural collapse could be attributed to the crystallization of aluminum species occurred within the amorphous mesopore walls of OMA, as confirmed by the wide-angle XRD pattern of sample OMA presented in the [Figure 8](#materials-13-03036-f008){ref-type="fig"}b. Four well-defined diffraction peaks at around 37.6, 39.5, 45.8, and 66.7°, indexing to (311), (222), (400), and (440) reflections of *γ*-Al~2~O~3~ (JCPDS10-0425), respectively, can be clearly observed. As a result, the thermally treated OMA exhibited an unobvious hysteresis loop and a very broad pore size distribution ([Figure 8](#materials-13-03036-f008){ref-type="fig"}). By calculation, the pore volume and specific surface area of thermally treated OMA are 0.24 cm^3^/g and 102 m^2^/g ([Table 2](#materials-13-03036-t002){ref-type="table"}), respectively. In contrast, after the same high temperature treatment, samples OMZA-x still displayed the well-resolved (100) diffraction peaks in their small-angle XRD patterns, indicating that the mesostructrue of OMZA-x are well preserved. The wide-angle XRD measurement provided the changes of the crystalline structure for thermally treated samples OMZA-x. As shown in [Figure 8](#materials-13-03036-f008){ref-type="fig"}b, no diffraction peak corresponding to the crystal phase of *γ*-Al~2~O~3~ can be observed for samples OMZA-x, suggesting that the highly homogeneous distribution of Zr ([Figure 4](#materials-13-03036-f004){ref-type="fig"}) together with the formation of Zr-O-Al bonds ([Figure 5](#materials-13-03036-f005){ref-type="fig"} and [Figure 6](#materials-13-03036-f006){ref-type="fig"}) can effectively prevent the atomic diffusion and sinter of Al species existing within the mesopore walls of OMZA-x, and further suppress their crystallization. However, for samples OMZA-4 and OMZA-2, four characteristic diffraction peaks corresponding to tetragonal zirconia appearing at 2θ = 30, 35, 50 and 60° are discerned in their wide-angle XRD patterns, and the intensity of these four diffraction peaks increases with increasing the zirconium content. The formation of tetragonal zirconia from the sintering and crystallization of the excessive zirconium species existing within the mesopore walls of OMZA-4 and OMZA-2 can be responsible for the partial destruction of ordered mesostructure of these two samples ([Figure 8](#materials-13-03036-f008){ref-type="fig"}a). Interestingly, no diffraction peak according to the crystal phase of Al~2~O~3~ and ZrO~2~ was discerned in the wide-angle XRD pattern of thermally treated OMZA-6 ([Figure 8](#materials-13-03036-f008){ref-type="fig"}b), suggesting that the mesopore walls of OMZA-6 is still amorphous phase verified by the selective area electron diffraction (SAED) pattern under TEM model (the inset in [Figure 3](#materials-13-03036-f003){ref-type="fig"}c). As a result, the sample OMZA-6 still maintains an ordered 2D hexagonal mesostructure even after a high-temperature treatment at 1000 °C for 1 h ([Figure 8](#materials-13-03036-f008){ref-type="fig"}a). For thermally treated OMZA-6, the ordered arranged hexagonal mesopores and aligned cylindrical mesopores were also clearly obvious in its TEM image ([Figure 3](#materials-13-03036-f003){ref-type="fig"}c). It is noticeable that the high temperature thermal treatment could result in a rearrangement of the cage-like mesopores towards cylindrical mesopores, which can be verified by the type of hysteresis loop observed in the isotherms of thermally treated samples OMZA-x. As shown in [Figure 9](#materials-13-03036-f009){ref-type="fig"}, after high-temperature treatment at 1000 °C for 1 h, samples OMZA-x (except for sample OMZA-2 exhibiting a IV-type isotherm with a H2(b)-type hysteresis loop) demonstrated a typical IV-type isotherm with a type H1 hysteresis loop along with a steep capillary condensation step ([Figure 9](#materials-13-03036-f009){ref-type="fig"}a), corresponding to narrow mesoporous size distributions ([Figure 9](#materials-13-03036-f009){ref-type="fig"}b). By calculating, the thermally treated OMZA-6 shows a pore volume of 0.42 cm^3^/g and a specific surface area of 228 m^2^/g, which are larger than those of other samples OMZA-x thermally treated under the same conditions ([Table 2](#materials-13-03036-t002){ref-type="table"}).

Compared to the high-temperature thermal stability, the hydrothermal stability is much more important, which is still a great challenge severely restraining the practical applications of ordered mesoporous alumina materials. [Figure 10](#materials-13-03036-f010){ref-type="fig"} presents the small-angle XRD patterns of representative samples OMZA-6 and OMA before and after boiling water treatment for different time. As shown in the part a of [Figure 10](#materials-13-03036-f010){ref-type="fig"}, when the hydrothermal treatment is carried out at 100 °C, even the hydrothermal treatment time is prolonged to 6 h, sample OMZA-6 still showed two well-defined diffraction peaks in its small-angle XRD pattern, indicating the ordered mesostructure is maintained to a large extent. Such conclusion can be further confirmed from the observation of TEM image ([Figure 3](#materials-13-03036-f003){ref-type="fig"}d). In contrast, for sample OMA hydrothermally treated at 100 °C for 2 h, no obvious (100) diffraction peak could be discerned ([Figure 10](#materials-13-03036-f010){ref-type="fig"}b). This indicates that compared to sample OMZA-6, sample OMA has a less hydrothermal stability, and the long-lasting exposure of OMA to boiling water environment will cause the complete collapse of its mesostructure. The characterization results from N~2~ physisorption analysis ([Figure 11](#materials-13-03036-f011){ref-type="fig"}) also confirm that sample OMZA-6 has an extremely high hydrothermal stability. It can be seen from [Figure 11](#materials-13-03036-f011){ref-type="fig"}a that different from untreated sample OMZA-6 only exhibiting a very steep capillary condensation step, after boiling water treatment for 2 h and 6 h, an especial two-step capillary condensation was noticed in the adsorption branches of isotherms. The first step at lower relative pressure ranging from 0.4 to 0.6 can be assigned to the intrinsic ordered mesopores of OMZA-6, which value (4.8 nm) is smaller than that of untreated OMZA-6 due to the shrinkage of mesoporous framework during the hydrothermal treatment process; while the second step at higher relative pressure ranging from 0.85 to 1.0 could be attributed to the formation of interconnected mesopores. During long hydrothermal treatment process times, the partial dissolution of Zr and Al species initially existing within the mesopore walls of OMZA-6 could lead to the generation of disordered mesoporous channel-channel communication combined with an obvious increase in the pore volume and specific surface area ([Table 3](#materials-13-03036-t003){ref-type="table"}). Calculations show that, after hydrothermal treatment for 2 h and 6 h, the pore volumes and specific surface areas of OMZA-6 are 0.33 cm^3^/g and 271 m^2^/g, and 0.41 cm^3^/g and 282 m^2^/g, respectively. ICP-AES measurement results further confirmed that compared to Al species, Zr species existing within the mesopore walls of OMZA-6 are more susceptible to dissolution and loss during the hydrothermal treatment process, since the measured atomic ratios of Al to Zr over OMZA-6 hydrothermally treated for 2 h and 6 h were 8.45 and 10.23, respectively.

4. Conclusions {#sec4-materials-13-03036}
==============

Ordered mesoporous Zr-Al composite oxides (OMZA-x) with extremely high hydrothermal stability and thermal stability have been prepared by a triconstituent cooperative co-assembly synthesis pathway. Using such pathway, almost all Zr hydroxyl species originated from the hydrolysis of Zr precursor introduced into the initial synthesis solution can be finally homogenously incorporated into the mesopore walls of resultant OMZA-x. The highly homogenous distribution of Zr and Al at the atomic level and the formation of Zr-O-Al bonds can be responsible for OMZA-x possessing an obviously increased mesostructural order, significantly increased pore volume and specific surface area, and remarkably enhanced thermal and hydrothermal stability. Among all samples OMZA-x, OMZA-6 synthesized with the optimum atomic ratio of Al to Zr of 6 exhibited the most ordered 2D hexagonal mesoporous structure combined with the largest pore volume and highest specific surface area. More importantly, the resultant OMZA-6 displayed superior high-temperature thermal stability and hydrothermal stability. Its ordered mesostructure and excellent textural properties can be well remained even after a thermal treatment at 1000 °C for 1 h or a hydrothermal treatment at 100 °C for 6 h. Such Zr-Al composite oxide nanomaterial may find important applications as catalyst support for the petroleum refinement and the catalytic conversion of heavier petroleum fractions.
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![Schematic illustration for the synthesis of ordered mesoporous Zr-Al composite oxide materials (OMZA-x).](materials-13-03036-g001){#materials-13-03036-f001}

![Small-angle X-ray diffraction (XRD) patterns of samples OMZA-x and OMA.](materials-13-03036-g002){#materials-13-03036-f002}

![Transmission electron microscopy (TEM) images of sample OMZA-6 viewed along the (110) (**a**) and (100) (**b**) directions, TEM image (**c**) of OMZA-6 thermally treated at 1000 °C for 1 h, and TEM image (**d**) of OMZA-6 hydrothermally treated at 100 °C for 6 h, respectively.](materials-13-03036-g003){#materials-13-03036-f003}

![Elemental analysis mapping showing the distribution of Al (**a**,**d**), O (**b**,**e**), and Zr (**c**,**f**) for two different regions of the sample OMZA-6.](materials-13-03036-g004){#materials-13-03036-f004}

![N~2~ sorption isotherms (**a**) and pore size distribution curves (**b**) of samples OMZA-x and OMA. For clarity, in (**a**), the isotherms of OMZA-4, OMZA-6, OMZA-8, OMZA-10 and OMA are offset along the Y axis by 150, 300, 560, 750, and 950 cm^3^/g, respectively. In (**b**), the Y axis values are increased by 3.0, 6.0, 10.2, 13.8, and 17.8 cm^3^/g, respectively.](materials-13-03036-g005){#materials-13-03036-f005}

![FT-IR spectra of samples OMZA-6 and OMA.](materials-13-03036-g006){#materials-13-03036-f006}

![^27^Al MAS NMR spectra of samples OMZA-6 and OMA.](materials-13-03036-g007){#materials-13-03036-f007}

![Small- (**a**) and wide- (**b**) angle XRD patterns of samples OMZA-x and OMA after thermal treatment at 1000 °C for 1 h.](materials-13-03036-g008){#materials-13-03036-f008}

![N~2~ sorption isotherms (**a**) and pore size distribution curves (**b**) of samples OMZA-x and OMA after thermal treatment at 1000 °C for 1 h. For clarity, in (**a**), the isotherms of OMZA-4, OMZA-6, OMZA-8, OMZA-10 and OMA are offset along the Y axis by 160, 370, 560, 710 and 950 cm^3^/g, respectively. In (**b**), the Y axis values are increased by 2, 4.2, 7.5, 10.8 and 13.8 cm^3^/g, respectively.](materials-13-03036-g009){#materials-13-03036-f009}

![Small-angle XRD patterns of OMZA-6 (**a**) and OMA (**b**) before and after hydrothermal treatment at 100 °C for different time.](materials-13-03036-g010){#materials-13-03036-f010}

![N~2~ sorption isotherms (**a**) and pore size distribution curves (**b**) of sample OMZA-6 before and after hydrothermal treatment at 100 °C for different time. For clarity, in (**a**), the isotherms of untreated OMZA-6 and OMZA-6 hydrothermally treated for 2 h are offset along the Y axis by 200 and 100 cm^3^/g, respectively. In (**b**), the Y axis values are increased by 3.1 and 1.5 cm^3^/g, respectively.](materials-13-03036-g011){#materials-13-03036-f011}

materials-13-03036-t001_Table 1

###### 

The textural properties of samples OMZA-x and OMA. ^a^

  Samples   *d* ~100~   *S*~BET~ (m^2^/g)   *V*p (cm^3^/g)   *D*p (nm)
  --------- ----------- ------------------- ---------------- -----------
  OMZA-2    11.04       231                 0.40             7.7
  OMZA-4    10.27       264                 0.45             6.9
  OMZA-6    9.39        358                 0.62             6.6
  OMZA-8    9.81        312                 0.56             6.6
  OMZA-10   9.39        303                 0.55             6.5
  OMA       8.03        257                 0.35             6.3

^a^*d*~100~, the *d*~100~ interplanar spacing; *S*~BET~, the specific surface area; *V*~p~, the total volume; *D*~p~, the average mesoporous size.

materials-13-03036-t002_Table 2

###### 

The textural properties of OMZA-x and OMA thermally treated at 1000 °C for 1 h. ^a^

  Samples   *d* ~100~   *S*~BET~ (m^2^/g)   *V*p (cm^3^/g)   *D*p (nm)
  --------- ----------- ------------------- ---------------- -----------
  OMZA-2    10.50       110                 0.24             6.9
  OMZA-4    9.39        187                 0.33             6.9
  OMZA-6    9.39        228                 0.42             6.9
  OMZA-8    8.83        215                 0.41             6.9
  OMZA-10   9.01        219                 0.40             6.3
  OMA       \- ^b^      102                 0.24             \- ^b^

^a^*d*~100~, the *d*~100~ interplanar spacing; *S*~BET~, the specific surface area; *V*~p~, the total volume; *D*~p~, the average mesoporous size. ^b^ The *d*~100~ spacing and average mesoporous size of OMA thermally treated are not calculated due to the complete collapse of ordered mesostructure.

materials-13-03036-t003_Table 3

###### 

The textural properties of OMZA-6 before and after hydrothermal treatment at 100 °C for different time. ^a^

  Boiling Time (h)   *d* ~100~   *S*~BET~ (m^2^/g)   *V*p (cm^3^/g)   *D*p (nm)
  ------------------ ----------- ------------------- ---------------- -----------
  0                  9.39        358                 0.62             6.6
  2                  7.74        271                 0.33             4.8
  6                  7.74        282                 0.41             4.8

^a^*d*~100~, the *d*~100~ interplanar spacing; *S*~BET~, the specific surface area; *V*~p~, the total volume; *D*~p~, the average mesoporous size.
